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A b s t r a c t More than 600 s w i t c h mode power converters are i n s t a l l e d i n LEP t o power t h e Main Ring Magnet System. The h o r i z o n t a l and v e r t i c a l c o r r e c t o r magnets are f e d by 520 b i p o l a r , four-quadrant u n i t s o f 675 W o u t p u t r a t i n g .
The s h o r t chains o f quadrupole and sextupole magnets w i t h copper windings are powered by 105 modular resonant t y p e power converters o f a d.c. o u t p u t r a t i n g o f 37.5 kW.
T h e i r transformer-coupled o u t p u t stage a l l o w s t o choose t h r e e d i f f e r e n t o u t p u t r a t i n g s , i . e . : 300 A/125 V, 200 A/188 V and 153 A/250 V.
E i g h t h i g h c u r r e n t 2000 A, 10 V c o n v e r t e r s f e e d t h e superconducting quadrupoles f o r t h e low-13 i n s e r t i o n s i n t h e physics i n t e r a c t i o n r e g i o n s . D e t a i l s w i l l be given on t h e i n i t i a l CERN design work l e a d i n g t o t h e choice o f c i r c u i t topology, i n o r d e r t o meet t h e s t r i c t accelerat o r requirements, p a r t i c u l a r l y on e f f i c i e n c y , s i z e and r e l i a b i l i t y .
The c o n v e r t e r s were purchased from European I n d u s t r y on t h e b a s i s o f p r e c i s e performance s p e c i f i c a t i o n s .
High power s w i t c h mode converters o f compact design and h i g h e f f i c i e n c y are by now an e s t a b l i s h e d technology, which o f f e r s a t t r a c t i v e techn i c a l and economic s o l u t i o n s f o r powering conventional and superconducting magnet systems.
I n t r o d u c t i o n
LEP, t h e Large E l e c t r o n P o s i t r o n C o l l i d e r , i s a completely new machine spread over a very l a r g e s i t e which had t o be b u i l t , and w i l l e v e n t u a l l y be run, w i t h l i m i t e d finances and man-power.
These c o n s t r a i n t s were a p p l i e d t o t h e conception o f t h e Power Converter System f r o m t h e very beginning.
New technologies, such as s w i t c h mode converters, had t o be considered s e r i o u s l y s i n c e b u i l d i n g s and o t h e r i n f r a s t r u c t u r e surrounding t h e c o n v e r t e r s were c e r t a i n t o be reduced.
The long d i s t a n c e s f o r communication meant t h a t l o c a l i n t e ll i g e n c e would have t o be l o c a t e d w i t h i n t h e converters. They had t o be designed f o r i n i t i a l o p e r a t i o n a t 65 GeV w i t h minimum cost, w h i l e being extendable t o 100 GeV w i t h no waste. Switch mode converters, w i t h t h e i r reduced volume and modular approach, t h e r e f o r e seemed v e r y a t t r a c t i v e . power l i m i t s , study microprocessor i n t e g r a t i o n i n t o s w i t c h mode environments, e v a l u a t e performance on magnet loads, look i n t o r e l i a b i l i t y , and study l i k e l y space and c o s t savings.
A t t h e end o f t h i s p e r i o d o f e v a l u a t i o n we had l e a r n t :
-how t o d r i v e and use Mosfets, GTO's, Large B i p o l a r s , RCT's, e t c ...
-how t o reduce EM1 t o acceptable l e v e l s f o r microprocessor i n t e g r a t i o n and p.p.m. l o o p performance -how t o design HF magnetic elements, ( t r a n s f o rmers, chokes).
We had a l s o e s t a b l i s h e d :
-t h e dynamic and s t a t i c performance advantages -t h e need f o r HF g a l v a n i c i s o l a t i o n f o r e l e ct r i c a l n o i s e r e d u c t i o n and f o r s a f e t y reasons, -t h a t up t o 40 kW c o u l d be a t t a i n e d -which t y p e o f t o p o l o g y would be a p p l i c a b l e -how t o s p l i t up t h e c o n t r a c t s .
Working w i t h European I n d u s t r y and U n i v e r s i t i e s By t h e beginning o f t h e 1980's s w i t c h mode convers i o n techniques were becoming w e l l e s t a b l i s h e d f o l l o wi n g t h e i n c e n t i v e s given by t h e energy c r i s i s o f t h e 1970's.
Could t h e new s w i t c h i n g devices be a p p l i e d s u c c e s s f u l l y t o t h e a c c e l e r a t o r environment and i f so t o what power l e v e l s ?
New more powerful and f a s t e r switches seemed t o be s p r i n g i n g o n t o t h e market every day.
It was good f o r t u n e t h a t i n 1982 t h e Power Conversion I n t e r n a t i o n a l conference and e x h i b i t i o n v i s i t e d Geneva.
The LEP Power Conversion Group were t h e r e w i t h a stand and papers t o b e n e f i t from t h e gathered e x p e r t i s e . T h i s allowed c l o s e contacts t o be e s t a b l i s h e d w i t h b o t h i n d u s t r y and academic i n s t i t u t e s t h u s launching a programme o f p r o t o t y p e e v a l u a t i o n . Where i n d u s t r y c o u l d p r o v i d e ready made p r o t o t y p e s t h e y were borrowed o r bought a t low c o s t . I f not, t h e y were made a t CERN.
CERN needed t o i n v e s t i g a t e t h e types o f t o p o l o g y t h a t might be a p p l i c a b l e t o LEP, e s t a b l i s h t h e upper D e t a i l e d b u t r e a l i s t i c performance s p e c i f i c a t i o n s were issued f o r each t y p e having t h e widest p o s s i b l e appeal t o i n d u s t r y .
While CERN suggested s u i t a b l e t o p o l o g i e s and block diagrams, t h e manufacturers were always f r e e t o propose a l t e r n a t i v e s o l u t i o n s according t o t h e i r own experience.
There was a v e r y good l e v e l o f i n t e r e s t i n t h e s p e c i f i c a t i o n s and a h i g h e r than expected number o f rep1 i es.
Converters o f Type C These c o n v e r t e r s are t h e keystones i n t h e f u t u r e upgrading o f t h e LEP Power Converter System. Using t h e same 37.5 kW i n v e r t e r powered d i r e c t l y from t h e 380 V three-phase mains, t h e y were t o have t h r e e o u t p u t modules as shown above. They a l s o had t o be capable o f b e i n g p a r a l l e l e d t o g i v e 75 kW output.
I n t h i s way a l l c o n v e r t e r s used f o r LEP 1 c o u l d be re-used i n LEP 2.
Q u a l i f y i n g p r o t o t y p e s were ordered from i n d u s t r y and t h e f i n a l c o n t r a c t placed w i t h Alsthom TRV, Villeurbanne, Lyon, France.
Series-resonant converters had f o r a long t i m e seemed a t t r a c t i v e , p a r t i c u l a r l y because o f t h e i r elegant commutation modes which allowed slower and more r o b u s t switches t o be used, and t h e y g e n e r a l l y s u f f e r e d l e s s from EM1 problems.
However, t o o b t a i n a l a r g e o u t p u t range, which was necessary i n t h i s a p p l i c a t i o n , caused l a r g e frequency v a r i a t i o n s o r discontinuous o p e r a t i o n . N e i t h e r were d e s i r a b l e .
Alsthom's s o l u t i o n was t o propose a double resonant c o n v e r t e r ( F i g . 1 ) .
( T h i s design i s t h e subj e c t o f an Alsthom p a t e n t . ) Using tiTO's i n a z e r o -t u r n o f f mode, t h e i n v e r t e r works between a minimum f r equency o f 7.1 kHz, where i t produces 17 W, and a maximum o f 11.1 kHz f o r 37.5 kW. The d e s i r e d power can be obtained f r o m a h a l f H-bridge.
Hence t h i s t o p o l o g y c o u l d be used a t even h i g h e r power l e v e l s .
The whole c o n v e r t e r i s contained i n t h r e e modules, each 0.52 m wide, 0.44 m h i g h and 0.69 m deep. The t o t a l weight o f one converter i s 232 kg.
Four c o n v e r t e r s are l o c a t e d i n one c u b i c l e measuring 3.28 x 0.9 x 2.06 m. The e f f i c i e n c y i s around 90% from 10 kW t o 37.5 kW. T h i s would save c o n s i d e r a b l y on DC c a b l i n g c o s t s and t h e power r a t i n g o f t h e c o n v e r t e r s themselves. With t h e ever i n c r e a s i n g use o f superconducting magnets i n a c c e l e r a t o r s , t h i s became an i m p o r t a n t p r o j e c t f o r t h e f u t u r e , n o t o n l y f o r LEP b u t a l s o f o r o t h e r new a c c e l e r a t o r s .
Again, q u a l i f y i n g p r o t o t y p e s were ordered from i n d u s t r y and t e s t e d f o r s u i t a b i l i t y when powering superconducting magnets. The r e s u l t s were encouraging and a c o n t r a c t was placed w i t h Jema, San Sebastian, Spain, f o r t h e s e r i e s production.
T h e i r e x p e r t i s e had been developed around an H b r i d g e i n v e r t e r u s i n g Mosfet t r a n s i s t o r s . They t h e r ef o r e proposed t h e s o l u t i o n shown i n f i g u r e 2.
Since t h e b r i d g e had been designed u s i n g e a r l i e r a v a i l a b l e Mosfets, a small auto-transformer was used a t t h e i n p u t so t h a t t h e nominal DC r a i l v o l t a g e o f t h e two i n v e r t e r s was 370 V.
The i n v e r t e r s each feed 3 HF t r a n s f o r m e r s connected i n s e r i e s on t h e primary, a l l secondaries b e i n g p a r a l l e l e d v i a low-loss Schottky diodes t o t h e o u t p u t f i l t e r . The i n v e r t e r s operate a t 20 kHz and use PWM. 
These c o n v e r t e r s were t o power t h e h o r i z o n t a l and v e r t i c a l c o r r e c t o r magnets o f LEP. The 520 d i p o l e magnets are d i s t r i b u t e d along t h e e n t i r e 27 km l e n g t h of t h e machine and a r e used t o perform l o c a l i z e d f i n e s t e e r i n g o f t h e beams. The converters t h e r e f o r e had t o be t r u e b i p o l a r devices w i t h t h e h i g h e s t p o s s i b l e v o l t a g e and lowest c u r r e n t so as t o minimize c a b l i n g costs.
A f t e r c o m p e t i t i v e tendering, t h e c o n t r a c t was placed w i t h GEC, S t a f f o r d , G.B.
T h e i r design i s shown i n f i g u r e 3.
F i g . 3 Schematic o f t h e b i p o l a r F t y p e I t c o n s i s t s o f a h a l f b r i d g e Mosfet i n v e r t e r working d i r e c t l y o f f t h e r e c t i f i e d 380 V three-phase inains. T h i s i n v e r t e r supplies, v i a an HF i s o l a t i n g t r a n s f o r m e r and r e c t i f i e r , t h e DC r a i l s o f a f o u rquadrant s w i t c h i n g i n v e r t e r again c o n s i s t i n g o f Mosfets
The two i n v e r t e r s are synchronized, but o n l y t h e o u t p u t i n v e r t e r i s used f o r c o n t r o l .
Operating a t 50 kHz and 50:50 mark t o space, i t gives zero output. By v a r y i n g t h e mark t o space e i t h e r p o s i t i v e o r n e g a t i v e output can be achieved w i t h a smooth t r a n s i t i o n through zero. The s t o r e d magnet energy can be d i s s i p a t e d i n a power dump on t h e DC l i n k o r i n t r a n s i e n t suppressors o f 280 V i n t h e case o f f a i l u r e .
The power p a r t o f t h e converter i s housed i n a box 445 mm wide, 263 mm h i g h and 290 mm deep.
The t o t a l weight i s 15 kg.
I n view o f t h e h i g h numbers involved, a p r e -s e r i e s o f 20 c o n v e r t e r s were (manufactured and f u l l y evaluated a t CERN.
Much work was c a r r i e d out on these u n i t s t o e l i m i n a t e b o t h t e c h n i c a l and p r o d u c t i o n probleins. The s e r i e s u n i t s c o u l d thus be manufactured w i t h o u t any m o d i f i c a t i o n which should f u r t h e r increase r e l i a b i l i t y . Now t h a t t h e equipment a r r i v e s a t CERN I n general t h e u n i t s have been designed as v o l t a g e sources by t h e manufacturers.
The p r e c i s i o n c u r r e n t loops, as w e l l as t h e c o n t r o l and d i a g n o s t i c i n t e lligence, are added a t CERN d u r i n g p r o v i s i o n a l acceptance.
With t h e experience gained i n t h e e a r l i e r p r o t o t y p e work, t h e problems encountered i n keeping up w i t h t h e s e r i e s p r o d u c t i o n were o n l y minor and we are now i n a stage o f smooth i n s t a l l a t i o n and conuniss i o n i n g . A l l u n i t s are completely and t h o r o u g h l y t e s t e d i n a c e n t r a l t e s t area b e f o r e t r a n s p o r t a t i o n t o t h e i r f i n a l equipment b u i l d i n g s . Once i n s t a l l e d , commissioning i s r a p i d and u s u a l l y t r o u b l e -f r e e .
F i r s t t e s t s on a beam
I n J u l y 1988, i n j e c t i o n t e s t s were c a r r i e d o u t i n o c t a n t 1-2 o f LEP.
These t e s t s were c o n t r o l l e d from t h e LEP/SPS c o n t r o l room and a beam o f p o s i t r o n s t r a n sf e r r e d along n e a r l y 3 km o f t h e LEP t u n n e l . These t e s t s used 8 o f t h e t y p e C converters powering i n d i v idual quadrupoles and 47 o f t h e t y p e F on c o r r e c t o r s . A l l u n i t s , c o n s i s t i n g o f t h e i r s w i t c h mode power p a r t s , microprocessor and software, performed w i t h o u t problems.
The beam s u f f e r e d no ill e f f e c t s from t h e presence o f t h e s w i t c h mode converters, b u t on t h e c o n t r a r y b e n e f i t e d from t h e i r s u p e r i o r t r a n s i e n t performance.
R e l i a b i l i t y d u r i n g t h e acceptance t e s t s , c o l d check-outs and a c t u a l i n j e c t i o n t e s t s have been above o u r expect a t i ons .
F u t u r e t r e n d s
The development o f h i g h power i n v e r t e r s working a t t e n s o f kHz, as i n t h e C types, has opened up a new imodular approach t o power c o n v e r t e r s f o r a c c e l e r a t o r s . By changing t h e passive DC o u t p u t stage, (transformer, r e c t i f i e r and passive f i l t e r ) p r a c t i c a l l y any combination o f v o l t s and amperes can be achieved.
The added p o s s i b i l i t y o f p a r a l l e l o r s e r i e s connections f u r t h e r broadens t h e scope.
A ' s t a n d a r d ' i n v e r t e r c o u l d thus become t h e b u i l d i n g b l o c k o f a wide v a r i e t y o f d i f f e r e n t converters.
I t would a l s o seem t h a t powers approaching 100 kW w i l l soon be a v a i l a b l e .
The D types have shown t h e usefulness o f s w i t c h mode technologies i n powering superconducting magnets.
Again, t h e r e i s no reason why several u n i t s cannot be operated i n p a r a l l e l , t h u s s u p p l y i n g several thousands o f amperes i f necessary. There a l s o e x i s t s the p o s s ib i l i t y o f powering i n d i v i d u a l superconducting magnets, w i t h u n i t s l o c a t e d v e r y c l o s e t o t h e magnet and perhaps powered from t h e d.c. busbars o f a c h a i n o f magnets.
The F types have shown t h a t s p e c i a l i z e d s w i t c h mode converters can be made i n l a r g e s e r i e s w i t h h i g h l e v e l s o f r e l i a b i l i t y and r e p e a t a b i l i t y .
They are i d e a l l y s u i t e d t o t h e powering o f small c o r r e c t o r magnets. I f r e l i a b i l i t y has ever been i n question, i t has n e a r l y always i n v o l v e d t h e switches. D r i v e c i r c u i t f a i l u r e i s o f t e n f a t a l f o r t h e power devices because o f t h e i r need f o r a c t i v e d r i v e s .
B e t t e r d r i v e c i r c u i t s are being designed every day, and w i t h more r o b u s t and s a f e r switches f i n d i n g t h e i r way onto t h e market these problems should d i m i n i s h .
The passive elements, such as transformers, chokes and c a p a c i t o r s , are undergoing t h e same t r e n d s .
CERN was f o r t u n a t e t h a t i t was buying i n reasonably l a r g e q u a n t i t i e s .
There s t i l l remains t h e problem o f t h e 'one o r two o f f ' . Manufacturers are j u s t n o t w i l l i n g t o undertake such small q u a n t i t i e s , because o f t h e design and p r o t o t y p e e f f o r t needed.
I t a l s o has t o be admitted t h a t t h e number o f experienced manufacturers i s l i m i t e d . There i s a l s o t h e u n c e r t a i n area o f patents, which makes i t d i f f i c u l t t o e s t a b l i s h a standard t o p o l o g y which can be used by several manufacturers.
Standard t o p o l o g i e s reduce s t a f f t r a i n i n g needs, and ease o p e r a t i o n and maintenance.
However, many o f t h e above problems were encountered w i t h t h e f i r s t h i g h -p r e c i s i o n t h y r i s t o r u n i t s . I t can o n l y be assumed t h a t , as then, t i m e w i l l f i n d t h e s o l u t i o n s once such t o p o l o g i e s become p u b l i c p r o p e r t y and manufacturers become more experienced.
Conclusions
We have c e r t a i n l y been encouraged by t h e experience o f i n s t a l l i n g s w i t c h mode i n t o LEP. They have shown t h a t powers up t o 40 kW can be r e l i a b l y achieved and t h a t problems o f EM1 and microprocessor i n t e g r a t i o n can be d e a l t w i t h . They have allowed us t o lodge t h e converters i n l e s s volume, and t o reduce t h e c o o l i n g costs.
With t h e i r h i g h dynamic performance, t h e beams can be much b e t t e r i s o l a t e d f r o m t h e e f f e c t s o f mains disturbances.
It i s even p o s s i b l e t o design t h e u n i t s t o remain w i t h i n s p e c i f i c a t i o n w i t h a t o t a l s i n g l e phase l o s s o f 100 ms. With w e l l designed i n p u t stages, t h e y w i l l operate a t near u n i t y power f a c t o r , w i t h a low l e v e l o f mains harmonic d i s t o r t i o n .
With these q u a n t i t i e s t h e p r i c e s were s i m i l a r t o those f o r conventioqal equipment.
Taken o v e r a l l however, from a system p o i n t o f view, then c o s t s have been reduced.
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